Abstract: This paper develops a distribution circuit multi-time-scale simulation tool for applications in wind turbine and photovoltaic (PV) integration analysis. The proposed simulation tool developed in MATLAB TM includes several distribution circuit components, such as voltage sources, distribution lines, transformers, loads, capacitor banks, wind turbines and PVs. Each equipment consists of three models for simulations in three different time scales, i.e., steady-state, electromechanical transient and electromagnetic transient models. Therefore, the proposed tool is able to perform a long-term simulation involving power system phenomena spreading across time scales. The test circuits employed to perform multi-time-scale simulation in this paper are modified from the IEEE four-node test feeder. The simulation scenarios include wind speed and solar irradiance ramp up and down; a capacitor bank is energized and de-energized; and a single-line-to-ground fault occurs and clears itself. The simulation results show that the proposed tool is capable of evaluating power system phenomena spread across time scales.
Introduction
Increasing penetration of renewable energy sources (RESs), such as wind and solar, raises concerns regarding their impacts on a power system. Although wind and solar power generation can reduce peak load demand and losses in a distribution circuit [1] , these RESs may cause problems in a circuit, such as voltage regulation [1] [2] [3] , flicker [3, 4] , reverse power flow [1, 5] , short-circuit current contribution [2, 3, 6, 7] , protection coordination [2] , capacitor switching transients and harmonics distortion [2, 3, 8, 9] .
Power system simulation tools have been widely used to analyze the potential impacts of wind turbines and photovoltaics (PVs). These tools can help evaluate power system phenomena, such as voltage regulation, fault study, switching transients and harmonics analysis. The simulation tools can also be used to perform the feasibility studies of operating wind turbines and PVs in a distribution system [10, 11] , analyze the stability of a distribution system with wind and solar power [12, 13] , determine the maximum penetration or hosting capacity of wind turbines and PVs [14] [15] [16] , evaluate the performance of wind turbine and PV control methods [17, 18] and investigate the effects of energy storage systems [19] [20] [21] and reactive power sources, such as capacitor banks, static var compensators (SVCs), static synchronous compensators (STATCOMs) [19, 22, 23] and dynamic voltage restorers (DVRs) [24] to a distribution system having wind and PV generators.
Power system phenomena can be categorized according to their time scales into three types, i.e., electromagnetic transient, electromechanical transient and quasi-steady-state phenomena. Because the time scales of these phenomena vary from fractions of a cycle to a few hours, each existing simulation tool is designed for only one specific time scale. Therefore, these existing single-time-scale tools are not able to analyze long-term power system phenomena spreading across different time scales. In order to allow power system analysis involving phenomena spreading across time scales, this paper aims to develop a multi-time-scale simulation tool by integrating the existing steady-state, electromechanical transient and electromagnetic transient simulation tool. The objective of this paper involves developing the approaches to select which single-time-scale model to use for each disturbance and the approaches to switch between two single-time-scale models. In addition, due to the unbalanced nature of distribution circuits, the proposed tool employs distribution circuit models with all three phases represented.
This paper is organized as follows: Section 2 describes the characteristics of each type of power system phenomena. Section 3 explains the proposed multi-time-scale simulation approach including the development and integration of the single-time-scale simulation models. Section 4 presents the case studies used to demonstrate the multi-time-scale simulation approach, including test circuits, simulation results and the discussion, followed by the conclusion in Section 5.
Power System Phenomena
There are three types of phenomena in power systems (categorized based on their time scales): electromagnetic transient, electromechanical transient and quasi-steady-state phenomena. The typical time scales of these phenomena are shown in Figure 1 [25] . The time scale of electromagnetic transient phenomena (effects of capacitor switching and lightning strikes on voltage and current in power systems) is usually in the range of microseconds and milliseconds because these phenomena involve the exchange of energy between electric and magnetic fields (inductors and capacitors) present in power systems. Thus, in order to analyze these phenomena, the effect of inductors and capacitors (distribution lines, transformers, capacitor banks and electrical machine windings) in transient conditions must be included in the simulation models. However, the dynamics of mechanical components in power systems, such as the inertia of electric machines, have much longer time scales and hence can be discarded.
The time scale of electromechanical transient phenomena (effects of short-circuit faults, transient stability analysis, inertial response study and frequency response study) is usually in the range from hundreds of milliseconds up to tens of seconds because these phenomena involve the exchange of energy between electrical and mechanical components in the systems (inductors, capacitors and inertia) due to a mismatch between power generation and load consumption. Therefore, the dynamics of electromechanical components, e.g., inertia of rotating mass in electrical machines, must be included in the electromechanical transient model. However, the dynamics associated with the electromagnetic transients in distribution lines, transformers, capacitor banks and stators of electrical machines may be neglected.
The time scale of quasi-steady-state phenomena (effects of voltage regulation, flicker, voltage unbalance, harmonics, load demand variation, wind speed variation and solar irradiance variation) is usually in the range of several minutes or longer. These phenomena are analyzed by steady-state simulation tools neglecting all dynamics, both electromagnetic and electromechanical transient, of the power systems.
Multi-Time-Scale Simulation Approach
This section describes the single-time-scale models (steady-state, electromechanical transient and electromagnetic transient) of distribution circuits employed in this paper, as well as the approach for integrating the single-time-scale models to perform a multi-time-scale simulation.
Modeling
The proposed distribution circuit multi-time-scale simulation tool implemented in the MATLAB TM environment consists of steady-state, electromechanical transient and electromagnetic transient models of distribution circuit equipment (distribution lines, transformers and capacitor banks), wind turbines and PVs. The models of the equipment used in this paper follow the well-established modeling approaches described in [26] [27] [28] [29] [30] [26] is used to simulate a distribution network in an electromagnetic transient condition. According to this approach, the trapezoidal method is used to integrate the differential equations representing each distribution circuit element in a time domain. Each algebraic equation obtained from the integration is rearranged to describe the relation between the node voltage and injected current at each terminal of the equipment (nodal equation). These nodal equations are then combined to form a matrix. This resulting matrix is similar to the nodal admittance matrix representing the distribution network in a steady-state condition.
Models of a Wind Turbine
Wind turbines can be categorized into four technologies: a fixed-speed wind turbine (FSWT), a wide-slip wind turbine (WSWT), a doubly-fed induction generator (DFIG) wind turbine and a full converter wind turbine. The model for each technology is described as follows.
The model of FSWTs and WSWTs consists of two major parts, i.e., an induction generator and mechanical components (blade inertia, generator inertia, a gearbox and shafts). The model of each part consists of steady-state, electromechanical transient and electromagnetic transient models for simulations in three different time scales.
1. Steady-state model: In a quasi-steady-state condition, FSWTs and WSWTs can be represented by a steady-state model obtained by discarding all transient dynamics in the induction generator and mechanical components. In other words, all derivative terms in the model are set to zero. As a consequence, the induction generator can be represented by three fixed impedances in a frequency domain, i.e., positive-, negative-and zero-sequence impedances. In order to obtain the generator slip, the generator torque is calculated from wind speed. For the model of WSWTs, the external rotor resistance is set so that the power output of the wind turbines is equal to the rated power when wind speed is higher than the rated speed.
Electromechanical transient model: In order to simulate induction generators of FSWTs and
WSWTs in an electromechanical transient simulation, this paper uses the reduced model of induction generators obtained by disregarding the transients in the stator windings. Hence, only the transients in the rotor windings are modeled. The generator model consists of three equivalent circuits (for positive, negative and zero sequences) in a frequency domain. The inertia of the generator and the blades of FSWTs and WSWTs are represented by a two-mass model. For WSWTs, the external rotor resistance is adjusted by using a PI controller in order to obtain the rated power output when wind speed is above the rated speed.
Electromagnetic transient model: A complete model of induction generators considering both
stator and rotor transients is employed in an electromagnetic transient simulation. The blade and generator speeds are assumed to be constant because of the short simulation time, so the rotating mass maintains essentially the same speed. For the WSWT model, the external rotor resistance, in addition to the speed of the generator and the blades, is also assumed to be constant due to the short simulation time.
Since DFIG and full converter wind turbines employ converters to control their real and reactive power output [30] , the characteristic of the wind turbines follows the converter control approaches. Therefore, DFIG and full converter wind turbines can be represented by a converter model with its control. In this paper, the converter is assumed to produce only positive-sequence current at the fundamental frequency. In other words, the harmonic currents are neglected. The model of DFIG and full converter wind turbines consists of three models, i.e., steady-state, electromechanical transient and electromagnetic transient models. 
Models of PV
PVs are connected to the grid via inverters, which can be used to control the real and reactive power output of the PV. Therefore, PV can be represented by an inverter model with its control. The inverter model consists of three models for electromagnetic transient, electromechanical transient and steady-state simulations. These models are similar to the models of DFIG and full converter wind turbines.
Model Selection and Switching between Models
The proposed multi-time-scale simulation tool consists of three single-time-scale models, i.e., steady-state, electromechanical transient and electromagnetic transient models. Currently, the proposed simulation tool is used for offline analyses, so the capability of the simulation tool to detect the types of disturbances occur in the distribution circuit and select which single-time-scale models to use is not required. Before the multi-time-scale simulation starts, the timings to use each single-time-scale model are pre-selected according to the types of each disturbance as described in Table 1 . Figure 2 shows the sample time line for a multi-time-scale simulation with multiple disturbances. The sequence of the single-time-scale models used in the multi-time-scale simulation in Figure 2 is summarized in Figure 3 . As shown in Figure 3 , the multi-time-scale simulation involves switching between two single-time-scale models, i.e., between the steady-state and electromechanical transient models, and between the steady-state and electromagnetic transient models. In order to smoothly switch between two single-time-scale models, the energy stored in each storage element (inductor, capacitor, inertia and spring) in both single-time-scale models must be the same. This condition suggests that the voltages, currents, torques and rotational speeds of every element must be the same before and after switching between the models. This condition also implies that when the simulation switches from the steady-state model to the electromechanical or electromagnetic transient models or vice versa, the electromechanical or electromagnetic transient models must rest in a steady-state condition, i.e., the electromechanical or electromagnetic transients have already died down. The simulation is performed by the steady-state model when quasi-steady-state disturbances such as wind speed and solar irradiance variations occur. Wind speed and solar irradiance variations are considered as quasi-steady-state disturbances because the typical resolution of wind speed and solar irradiance data is much longer than the transient period.
The electromechanical transient model is used to simulate electromechanical transient disturbances such as short-circuit faults. The simulation starts by performing a steady-state simulation at the time right before the disturbance occurs. Then, the steady-state results are used to initialize the electromechanical transient model. Thus, the electromechanical transient simulation begins from the last quasi-steady-state condition before the disturbance occurs. When the disturbance occurs, the electromechanical transient model is used to obtain the simulation results in the electromechanical transient period. When the power system reaches steady-state, the electromechanical transient results at the last time step are used to initialize the steady-state model so that the system conditions before and after switching are the same.
For electromagnetic transient disturbances such as capacitor switching, the steady-state model is used first to obtain results at the last quasi-steady-state condition before the disturbance occurs. Then, the steady-state results are used to initialize the electromagnetic transient model. Therefore, the electromagnetic transient simulation starts from the quasi-steady-state condition at the time right before the disturbance occurs. When the disturbance occurs, the electromagnetic transient model is used to simulate results in the electromagnetic transient period. After the electromagnetic transient dies down and the system reaches a steady-state condition, the electromagnetic transient results are used to initialize the steady-state model so that the system conditions before and after switching are the same.
Simulation of Distribution Circuits
This section describes the case studies for the multi-time-scale simulations including the test circuits, simulation results and discussions.
Test Circuits
There are two test circuits used in this paper: the four-node test circuit for wind turbine simulations and the three-node test circuit for PV simulations. Both test circuits are modified from the IEEE four-node test feeder [31] to include a wind turbine and PV.
Four-Node Test Circuit for Wind Turbine Simulation
The one-line diagram of the four-node test circuit for wind turbine simulation is shown in Figure 4 . This test circuit has five components, i.e., an infinite bus, two unbalanced distribution lines, a transformer, a capacitor bank and a wind farm. The capacitor bank is installed at the low voltage side of the transformer. The ratings of the wind farm's generators are 1.8 MVA and 690 V. Figure 5 shows the ten-minute resolution wind speed data obtained from National Renewable Energy Laboratory (NREL) [32] used in this paper. This paper performs a multi-time-scale simulation of the wind turbine test circuit for a 24-h period. Wind speed changes every ten minutes during the entire simulation. When the simulation starts at 12:00 a.m., the capacitor bank is out of service. The capacitor bank is switched on and off at 8:00 a.m. and 10:00 p.m., respectively. At 2:00 p.m., a temporary bolted single-line-to-ground fault occurs on Phase A of the high voltage side of the transformer. The fault clears itself in 0.1 seconds. Figure 6 shows the one-line diagram of the three-node test circuit for PV simulation. This test circuit consists of an infinite bus, an unbalanced four-wire distribution line, a transformer, a capacitor bank, single-phase loads and a PV. The capacitor bank is connected to the high voltage side of the transformer; the loads are connected to the low voltage side of the transformer; and the PV is connected to Phases A and B of the low voltage side of the transformer. This paper uses the one-second resolution solar irradiance data obtained from Electric Power Research Institute (EPRI) [34] shown in Figure 7 . 
Three-Node Test Circuit for PV Simulation

Simulation Results and Discussion
The distribution circuit multi-time-scale simulations are performed in MATLAB TM for a 24-h period. Four test cases are considered in this paper: simulations for a wind farm consisting of an FSWT, a wind farm consisting of a WSWT, a wind farm consisting of a DFIG or full converter wind turbine and a PV.
Case 1: Wind Farm Consisting of an FSWT
This case simulates the four-node test circuit with a wind farm consisting of an FSWT. When wind speed changes, the multi-time-scale simulation tool employs the steady-state model because the resolution of wind speed data is much longer than the power system transient period. At 8:00 a.m., the capacitor is turned on, so the simulation tool switches from the steady-state model to the electromagnetic transient model since the capacitor energizing is an electromagnetic transient phenomenon. After the transient dies down and the circuit reaches a new steady-state condition, the steady-state model is used again. When the fault occurs at 2:00 p.m., the simulation tool switches to the electromechanical transient model because the fault dynamics is in the electromechanical transient time scale. As soon as the circuit reaches a steady-state condition after the fault is cleared, the tool switches back to use the steady-state model again. The tool switches to the electromagnetic transient model again when the capacitor is turned off at 10:00 p.m. and switches back to employ the steady-state model when a steady-state condition is reached. The steady-state and transient voltages at the wind turbine are described in Figure 8 . Note that the steady-state voltages in Figure 8a are the results of the steady-state simulation; the transient voltages in Figure 8c At 8:00 a.m., the capacitor is switched on. As a consequence, the voltage oscillation occurs (Figure 8b ) due to the mismatch between the voltage at the capacitor location before and after switching. The voltage transient dies down after a few cycles because of the resistive element in the circuit. After the capacitor is turned on, the voltage magnitudes at the wind turbine slightly rise.
At 2:00 p.m., the temporary single-line-to-ground fault emerges on Phase A of the high voltage side of the transformer. Therefore, Phase A wind turbine voltage immediately falls as presented in Figure 8c . The figure also shows that Phase B and C voltages at the wind turbine, however, rise when the single-line-to-ground fault occurs. After the temporary fault clears itself within 0.1 s, the wind turbine voltages return to their initial values.
At 10:00 p.m., the capacitor bank is switched off. As a result, the voltage magnitudes at the wind turbine slightly drop (Figure 8d ). The figure also shows that small high-frequency transients emerge when the capacitor is turned off due to the fact that the capacitor bank is not de-energized at the exact current zero-crossing. The multi-time-scale simulation of a wind farm consisting of a WSWT in quasi-steady-state, electromechanical transient and electromagnetic transient conditions is considered in this case study. This multi-time-scale simulation scenario is similar to the scenario for the FSWT simulation. Figure 9 shows the steady-state and transient voltages at the wind turbine.
Like the wind turbine voltages for the FSWT simulation, the steady-state voltages at the wind turbine between 12:00 a.m. and 8:00 a.m., between 8:00 a.m. and 10:00 p.m. and between 10:00 p.m. and 12:00 a.m. vary due to the change of the wind power as presented in Figure 9a . Note that the wind turbine produces rated power output from 11:00 a.m. to 10:00 p.m. because wind speed is above the rated speed. As a result, the voltages at the wind turbine are constant. The wind turbine voltages increase and decrease when the capacitor bank is switched on at 8:00 a.m. and off at 10:00 p.m., respectively. In addition, the electromagnetic transient voltage oscillation occurs when the capacitor bank is turned on at 8:00 a.m., as can be seen from This case study considers a wind farm consisting of DFIG and full converter wind turbines in quasi-steady-state, electromechanical transient and electromagnetic transient conditions. This simulation scenario is similar to the scenarios for an FSWT and a WSWT. Figure 10 illustrates the steady-state and transient voltages at the wind turbine.
Similar to the results from the FSWT and WSWT simulations, the change of wind speed causes the variation of the steady-state voltages at the wind turbine between 12:00 a.m. and 8:00 a.m., between 8:00 a.m. and 10:00 p.m. and between 10:00 p.m. and 12:00 a.m., as presented in Figure 10a . However, the steady-state voltages at the wind turbine are flat between 11:00 a.m. and 10:00 p.m. because the wind turbine produces rated power output when wind speed is above the rated speed. The steady-state voltages rise at 8:00 a.m. because the capacitor bank is turned on at that time. However, the steady-state voltages drop at 10:00 p.m. because the capacitor bank is turned off. Figure 10b illustrates the electromagnetic transient voltage oscillation due to the capacitor bank being energized at 8:00 a.m. Figure 10c shows that Phase A voltage at the wind turbine suddenly drops when the single-line-to-ground fault occurs on Phase A. However, Phase B and C voltages at the wind turbine rise. Because the capacitor bank is not de-energized at the exact current zero-crossing, small transients occur at the capacitor switching time (10:00 p.m.), as illustrated in Figure 10d . Figure 11 .
The variation of the steady-state voltages at the PV between 6:00 a.m. and 8:00 a.m., between 8:00 a.m. and 4:00 p.m. and between 4:00 p.m. and 6:00 p.m. (Figure 11a ) is caused by the change of the solar irradiance. From 12:00 a.m. to 6:00 a.m. and from 6:00 p.m. to 12:00 a.m., the solar irradiance is zero, so the steady-state voltages at the PV are flat. When the capacitor is turned off (8:00 a.m.), the steady-state voltages decrease. However, when the capacitor is turned on (4:00 p.m.), the voltages at the PV increase. According to Figure 11b 
Conclusions
This paper develops an integrated multi-time-scale simulation tool for distribution circuits designed specifically for applications in wind turbine and PV analysis. The proposed multi-time-scale simulation tool consists of steady-state, electromechanical transient and electromagnetic transient models of voltage sources, distribution lines, transformers, loads, capacitor banks, wind turbines and PVs. The novel contribution of this proposed tool is the ability to switch from one single-time-scale model to another single-time-scale model when power system phenomena with different time scales occur. Therefore, this tool is capable of performing a long-term simulation involving power system phenomena spreading across time scales. Because the proposed tool employs models of distribution circuits with all three phases represented, the tool is able to analyze distribution circuits operating in unbalanced conditions due to single-phase loads and single-phase circuits in the systems.
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